missing data (i.e., all loci required to be present in all taxa) and one allowing up to 50% of the 136 species to have data missing for a given locus. We built alignments using MUSCLE [41] . The 137 steps specific to this analysis are available from https://gist.github.com/47e03463db0573c4252f.
For both alignments (missing data and no missing data), we prepared a concatenated 139 alignment for MrBayes v3.1.2 [42] by estimating the most-likely finite-sites substitution model 140 for individual UCE loci. Using a parallel implementation of MrAIC from the PHYLUCE 141 package, we selected the best-fitting substitution model for all loci using AICc, and we grouped 142 loci having the same substitution model into partitions. We assigned the parent substitution 143 model to each partition, for a total of 20 partitions, and we analyzed these alignments using two 144 independent MrBayes runs (4 chains) of 10M iterations each (thinning=100). We sampled 145 50,000 trees from the posterior distribution (burn-in=50%) after convergence by ensuring the 146 average standard deviation of split frequencies was < 0.00001 and the potential scale reduction 147 factor for estimated parameters was approximately 1.0. We confirmed convergence with
148
Effective Sample Size values >200 in TRACER [43] and by assessing the variance in tree 149 topology with AWTY [44] . We also prepared a concatenated alignment in PHYLIP format with 150 a single partition containing all sequence data, and we analyzed this alignment using the fast-151 approximation, maximum likelihood (ML) algorithm in v. 152 7.3.0) with 1,000 bootstrap replicates [45, 46] .
153
For the data set with no missing data, we also estimated a species tree on 250 nodes of a
154
Hadoop cluster (Amazon Elastic Map Reduce) using a map-reduce implementation
155
(https://github.com/ngcrawford/CloudForest) of a workflow combining MrAIC to estimate and 156 select the most-appropriate finite-sites substitution model. We used PhyML 3.0 [47] to estimate Trees from Average Ranks of Coalescences) method [48] . We performed 1,000 multi-locus, non-159 parametric bootstrap replicates for the STAR tree by resampling nucleotides within loci as well 160 as resampling loci within the data set [49] . We only performed the species tree analysis on the 161 alignment with no missing data due to concerns about how missing loci might affect a coalescent 162 analysis.
163
To assess phylogenetically informative indels, we scanned alignments by eye in Geneious 
RESULTS

169
We provide summary statistics for sequencing and alignment in Table 1 . We obtained an average 170 of 2.6 million reads per sample (range = 1.1 -4.9 million). These reads assembled into an percentage of original sequencing reads that were "on target" (i.e., helped build UCE-matching 176 contigs) averaged 24% across samples (range = 15% -35%).
177
When we selected loci allowing 50% of species for a given locus to have missing data, 178 the final data set contained 1,541 UCE loci and produced a concatenated alignment that was 87% 179 complete across 32 Neoaves species and the chicken outgroup. The average length of these 1,541 180 loci was 350 bp (min=90, max=621), and the total concatenated alignment length was 539,526 characters (including indels) with 24,703 informative sites.
182
Generally, the Bayesian and ML phylogenies for the 1,541 locus alignment were similar 183 in their topology and amount of resolution ( Fig. 2a; see Fig. S1 for fully resolved trees). Of the 184 31 nodes, 27 (87%) were highly supported in the Bayesian tree (>0.95 PP), whereas a subset of 185 20 of those nodes (65%) were also highly supported in the ML tree (>75% bootstrap score). An 186 additional 7 nodes (23%) appeared in both the Bayesian and ML trees, but support in the ML tree 187 was low (bisected nodes in Fig. 2a ). Four nodes (16%) had either low support in both trees (and 188 thus are collapsed in Fig. 2a ) or had high support in the Bayesian tree, but did not appear in the
189
ML tree (white nodes in Fig. 2a) . A phylogram for the 1,541 locus Bayesian tree ( Fig. S2) 
190
showed long terminal branches and short internodes near the base of the tree, consistent with 191 previous studies suggesting an ancient, rapid radiation of Neoaves.
192
For the data set requiring no missing data, we recovered 416 UCE loci across 29 Neoaves 193 species and the chicken outgroup. Enrichments for three species performed relatively poorly 194 (Table 1 ; Micrastur, Trogon, and Vidua), and we excluded these samples to boost the number of 195 loci recovered. The average length of these 416 loci was 397 bp, and the total concatenated 196 alignment length was 165,163 characters (including indels) with 7,600 informative sites.
197
Bayesian and ML trees differed more in their topology and resolution than was observed for the 198 1,541 locus trees above ( Fig. 2b ; see Fig. S3 for fully resolved trees). Of the 28 nodes, 24 (86%)
199
were highly supported in the Bayesian tree (>0.95 PP), whereas only a subset of 14 (50%) was 200 highly supported in the ML tree (>75% bootstrap score). We recovered an additional three nodes 201 (11%) in both the Bayesian and ML trees, but support for these nodes in the ML tree was low
202
(bisected nodes in Fig. 2b ). Twelve nodes (43%) disagreed between the Bayesian and ML trees, 203 a frequency much higher than the 16% disagreement we observed from the 1,541 locus analysis.
The STAR species tree from the 416 locus data set ( Fig. 3; Fig. S3c analysis, but only 11 nodes (39%) had over 50% support. Despite the differences in resolution 208 between the Bayesian, ML, and STAR species tree for the 416 locus analysis, when we collapsed 209 weakly supported nodes (PP < 0.90, ML bootstrap < 70%, species-tree bootstrap < 40%), there 210 very few strongly supported contradictions among the three trees.
211
We identified 44 indels greater than two bp in length that were shared among two or 212 more ingroup taxa (Table S1 ). Only 13 of these indels validated clades found in the phylogenetic 213 trees generated from nucleotide data. The four clades supported by the 13 indels represented four 214 of the six longest internal branches of the phylogeny (Fig. 4) . 
DISCUSSION
217
Containing 1,541 loci and 32 species, our study is among the largest comparative avian 218 phylogenomics data sets assembled for the purpose of elucidating avian evolutionary 219 relationships. By strengthening support for controversial relationships and resolving several new 220 parts of the avian tree (discussed below), our results suggest that increasing sequence data will 221 lead to an increasingly resolved bird tree of life, with some caveats. Our sampling strategy 222 sought to balance the number of taxa included with the number of loci interrogated. We sampled Another recent avian phylogenomic study [50] included 1,995 loci, producing a concatenated 228 alignment roughly 1.5 times larger than ours, but this study included only 9 Neoaves species, 5 229 of which were passerines, which limited the potential of that study for phylogenetic inference.
230
Increasing data increases resolution of the avian tree of life
232
One striking result of our study is that Bayesian and ML trees based on 1,541 loci were in much 233 stronger agreement with one another than Bayesian and ML trees estimated from 416 loci (Fig.   234 2). The stronger agreement was driven primarily by increased resolution and support of the 1,541 235 locus ML tree (i.e., it became more similar to the Bayesian tree). In contrast, although the 416-236 locus Bayesian tree was highly resolved, its ML counterpart was much less so and conflicted in 237 topology with the Bayesian tree to a greater degree.
238
Combined with results of other studies, this suggests that increasing loci leads to 239 increasing support and stability of the avian tree. In discussing our results below, we rely 240 primarily on relationships found in the 1,541 locus tree due to the stronger congruence among 241 analytical methods, as well as recent research suggesting that analyses of incomplete data 242 matrices may be beneficial for studies with highly incomplete taxonomic sampling [51] . Most 243 simulation studies assessing the effect of missing data found that a common negative effect of 244 missing data was erosion of support values rather than an artificial increase in support [52] . We 245 did not observe lower support values in the tree with more missing data, and, in fact, we 246 observed the opposite, suggesting minimal negative effects of missing data. This is perhaps 247 unsurprising given that the threshold amount of missing data producing negative effects in 248 simulation studies was often much higher than our level of missing data (many studies assessing 249 50-90% missing data, whereas we had 13%). Where relevant, we compare the 416 locus tree and species tree to the 1,541 locus tree, and we discuss a few results from the 416 locus tree that are 251 particularly well supported or interesting.
253
Low support for the species tree and differences between Bayesian and ML trees 254 The low support for many nodes in the species tree (Fig. 3) affected by substantial coalescent stochasticity [54, 55] , especially when using Bayesian methods.
266
While the low information content of shorter UCE loci clearly posed a problem for 267 inferring the species tree, this is a methodological limitation of this study rather than a general 268 limitation of the UCE enrichment approach. For this study, we sequenced single-end, 100 bp 269 reads on an Illumina GAIIx. However, it is now possible to obtain paired-end reads as long as 270 250 bp from the Illumina platform, which will facilitate assembly of longer loci from fewer reads 271 than we obtained during this study. Tighter control on the average size of DNA fragments used 272 for enrichment (i.e., using fragments of the maximum size allowed by the sequencing platform) and increased sequencing depth can also increase the size of recovered loci to 600-700 bp (B.
274
Faircloth, unpublished data). Using UCE loci that averaged ~750 bp, we did not observe poorly 275 resolved species trees in a study of rapid radiation of mammals [35] . Thus, increasing the length 276 of loci recovered is clearly an important step towards addressing the dual problems of low 277 information content and coalescent stochasticity in resolving the avian tree of life, although it 278 remains to be seen how denser taxon sampling will interact with these problems and affect future 279 analyses. In any event, given our results and those of prior studies, the more exigent problem in 280 this case appears to be low information content.
281
Although there were very few contradictory relationships in highly supported parts of the 282 trees, there was an obvious difference in resolution between the Bayesian and ML trees for the 283 416 locus alignment, and to a lesser degree, for the 1,541 locus alignment. One possible 284 explanation for the lower resolution of the ML trees is that bootstrapping may not be the best 285 way to assess confidence with UCE data, given the expected skewed distribution of phylogenetic 286 information across sites (i.e., more toward the flanks) [33] . Also, it is common to observe higher 287 support values for trees estimated by Bayesian methods, and in some cases PPs can be 288 deceptively high [56, 57] . There is also current debate concerning whether Bayesian methods 289 might suffer from a "star tree paradox", where a simultaneous divergence of three or more 290 lineages nonetheless appears resolved in bifurcating fashion with high PP [58, 59] . Bayesian 291 methods also might be more prone to long-branch attraction [60] . Research on these concerns is 292 ongoing and salient to our results, in which the Bayesian trees tended to group several basally 293 diverging lineages with long branches together into clades with high PP that were not supported 294 by the ML trees. On the other hand, ML bootstraps can underestimate support compared to nodes in the 416 locus ML tree, for which Bayesian analysis showed high PP, became well 297 supported in the ML tree when we increased the size of the data matrix to 1,541 loci. However, this clade did not appear in either ML tree or the species tree, suggesting that the 310 grouping of these taxa could be an artifact resulting from long-branch attraction, as discussed 311 above. Although we uncovered novel, well-supported sister relationships between some of these 312 species toward the tips of the tree (see below), their deeper evolutionary affinities will need to be 313 explored with increased taxonomic sampling to break up long branches and provide further 314 information on state changes deep in the tree. Our study thus suggests that resolving the avian 315 tree outside of waterbirds and landbirds is the final frontier in deep-level bird systematics. The surprising relationship between tropicbirds and the sunbittern This study adds to the overwhelming evidence for a sister relationship between the 320 phenotypically divergent flamingo and grebe families [2, 5, 6, [64] [65] [66] . Our results also suggest 321 another surprisingly close affinity between morphologically disparate groups -tropicbirds and 322 the sunbittern. Three of four analyses lent strong support to this relationship, for which ML 323 support increased sharply (43% to 96%) when genomic sampling increased from 416 to 1,541 324 loci ( Fig. 2; Fig. S1 & S2) . A close relationship between the sunbittern and tropicbirds is 325 surprising because of dissimilarities in appearance, habitat, and geography. Tropicbirds are 326 pelagic seabirds with mostly white plumage, elongated central tail feathers, and short legs that 327 make walking difficult. Meanwhile, the sunbittern is a cryptic resident of lowland and foothill
328
Neotropical forests that spends much of its time foraging on the ground in and near freshwater 329 streams and rivers. The kagu, a highly terrestrial bird restricted to the island of New Caledonia
330
(not sampled in our study), is the sister species of the sunbittern [6, 22, 23] and may superficially 331 bear some similarity to tropicbirds. These results should spark further research into shared 332 morphological characteristics of tropicbirds, the sunbittern, and the kagu. Another surprising sister relationship uncovered in our study is that between turacos and bustards 336 (Fig. 2a) . Turacos are largely fruit-eating arboreal birds of sub-Saharan Africa, whereas bustards 337 are large, omnivorous, terrestrial birds widely distributed in the Old World. Despite some 338 overlap in their biogeography, the two families have little in common and have, to our 339 knowledge, never been hypothesized to be closely related based on phenotypic characteristics.
340
Previous molecular studies have placed members of these two families near one another 341 evolutionarily [2, 6] , but never as sister taxa. Our study did not include a member of the cuckoo family, which has often been considered a close relative of the turacos and thus might be its true 343 sister taxon. An additional note of caution is that a turaco-bustard relationship was not supported 344 outside the 1,541 locus tree, but neither was it contradicted. Thus, although confirming results 345 are needed, our study provides some support for the idea that turacos and bustards are much 346 more closely related than previously thought, if not actually sister families.
348
Further clarity for waterbird relationships 349 We found consistent support across all analyses for relationships among the six sampled families placed the hoatzin sister to a shorebird ( Fig. 2b) with high support, but we did not observe this relationship in either the ML tree or the species tree. Furthermore, support for any definitive 366 placement of the hoatzin eroded in the 1,541 locus tree (Fig. 2a) . A close relationship of hoatzin 367 to shorebirds would be extremely surprising and in stark contrast to any prior hypotheses [68] .
368
Our results raise the question of whether or not more data will eventually lead to a definitive (Fig. 2b) . We also recovered this relationship in the 416-locus ML tree and species tree, although 383 with weak support (Fig. S2) . However, the 1,541 locus trees disagreed by placing pigeons and 384 doves in a more conventional position sister to sandgrouse and instead placing trumpeters sister 385 to the rest of Neoaves (Fig. 2a) Piciformes, Bucerotiformes, and Trogoniformes), and (iv) owls (Fig. 2a) . The Bayesian tree placed owls sister to the "near passerines" and then hawks + vultures sister to owls + "near 408 passerines", a topology that also appeared in the ML tree with weak support.
409
Meanwhile, the evolutionary affinities of mousebirds, whose position in prior studies has 410 been uncertain [6, 7] , remain equivocal. The 416 locus trees positioned mousebirds sister to the "near passerines", but the 1,541 locus trees placed mousebirds sister to passerines. Wang et al.
412
[7] also found mousebirds moving between these two clades depending on the analysis. Other The framework we outline here, sequence capture using UCEs, is a powerful approach proposal to obtain whole-genome sequence for 10,000 vertebrate species. J Hered 100: 
